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To examine the role of systolic wall stress at rest in
determining left ventricular performance during exer-
cise in aortic regurgitation (AR), systolic wall stress
(measured by M-mode echocardiography) was related
to changes in left ventricular function during maximal
exercise (evaluated by radionuclide ventriculography) in
30 patients with chronic aortic regurgitation. Of these
30 patients, 7 had a normal exercise response, defined
as an absolute increase in ejection fraction of 5% or
greater (Group I) and 23 had abnormal exercise re-
sponse, defined as no change « 5% change) or a decline
(~5%)in ejection fraction (Group II). Patients in Group
I had a significantly lower radius/wall thickness ratio
(2.5 ± 0.2 versus 3.1 ± 0.1, p < 0.01) and lower peak
systolic wall stress (123 ± 11 versus 211 ± 12 x 1()3
dynes/cm2, p < 0.01) than patients in Group II. An
increase in ejection fraction during exercise was seen in
Patients with aortic regurgitation frequently manifest ab-
normalities of myocardial function before the development
of symptoms that may persist after aortic valve replacement
and predispose to an unfavorable postoperative Clinical course
(1,2). Accordingly, attempts have been made to identify
patients with underlying myocardial dysfunction during the
asymptomatic stage of their illness in the hope that early
valve replacement might prevent further ventricular dete-
rioration (3-5). Variables of cardiac performance at rest
(left ventricular ejection fraction, end-systolic dimension
and fractional shortening) have been used to predict post-
operative clinical results (6,7), but these variables may be
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6 of the 9 patients with normal systolic wall stress at rest
« 150 X 103 dynes/cm2), but in only 1 of 21 patients
with elevated systolic wall stress (p < 0.001). Peak sys-
tolic wall stress at rest varied linearly and inversely with
changes in left ventricular ejection fraction during ex-
ercise (r = 0.60, p < 0.001). Groups I and II did not
differ in ejection fraction at rest, clinical symptoms or
maximal work load achieved.
These findings suggest that exercise-induced left ven-
tricular dysfunction in patients with aortic regurgitation
is the result of elevated left ventricular systolic wall stress;
both echocardiographic evaluation of wall stress at rest
and radionuclide determination of the exercise response
identify a similar patient group that may be at a high
risk of persistent symptoms and left ventricular dys-
function after aortic valve replacement.
preserved despite progressively deteriorating myocardial
function (8). In contrast, left ventricular ejection fraction
during exercise may accurately identify patients with ab-
normal postoperative cardiac function (9), but the factors
that determine exercise-related alterations in ventricular per-
formance are not understood.
In patients with aortic stenosis, left ventricular systolic
wall stress is a major determinant of left ventricular systolic
function and correlates closely with postoperative clinical
results (10). This study was undertaken to evaluate whether
left ventricular systolic wall stress is a determinant of left
ventricular systolic function in patients with aortic
regurgitation.
Methods
Patients. The patient study group consisted of 30 pa-
tients, 19 men and II women aged 16 to 78 years (mean
47), with chronic aortic regurgitation referred for nonin-
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vasive studies. All had isolated aortic valvular regurgitation
without evidence of associated valvular stenosis or coronary
artery disease. The absence of associated disease was as-
sessed by clinical, echocardiographic and radionuclide stud-
ies; all patients were in low risk subgroups for coronary
artery disease by Bayesian analysis (11), had normal max-
imal aortic valve cusp separation and no segmental wall
motion abnormalities at rest. The absence of associated val-
vular and coronary artery disease was confirmed in 12 pa-
tients by cardiac catheterization. Fourteen patients had
symptoms of congestive heart failure (11 in New York Heart
Association functional class II, two in class 1lI and one in
class IV); 16 patients were asymptomatic.
Echocardiographic evaluation. M-mode echocardio-
grams were obtained using an Irex ultrasonoscope with the
patient in the left lateral decubitus position with the head
elevated 30°. Images were recorded using a 2.25 MHz trans-
ducer at a paper speed of 50 mm/s. The left ventricular
internal diameter at end-diastole (Oct) and diastolic posterior
wall thickness (hct) were measured at the peak of the R wave
of the electrocardiogram, and the left ventricular end-sys-
tolic dimension (Os) and systolic posterior wall thickness
(hs) were assessed at the smallest left ventricular dimension.
All echocardiographic measurements were derived from the
mean of five consecutive cycles in a blinded fashion by two
independent observers with excellent interobserver agree-
ment (correlation coefficient [r] = 0.96). Arterial blood
pressures were obtained simultaneously with the echocar-
diogram by cuff sphygmomanometry.
Gated blood pool scintigraphy. Multigated blood pool
imaging was performed after in vivo labeling of red blood
cells with 24 to 28 mCi of technetium-99m sodium per-
technetate. Data collection was performed using a gamma
scintillation camera equipped with an all-purpose parallel
hole collimator interfaced to a dedicated on-line computer
system (Technicare series 560 microprocessor). Gated blood
pool ventriculograms were obtained at rest in the anterior
view and in the left anterior oblique position optimized for
maximal septal separation. Acquisitions were obtained at
16 frames/cycle for a minimum of 300 counts/pixel within
the region of interest of the left ventricle.
Without altering the patient or collimator position, the
subject's legs were elevated and placed in the stirrups of a
supine bicycle ergometer (Monarch). Exercise was initiated
at zero work load for 2 minutes, and the work load was
increased by 25 watts every 2 minutes until fatigue or short-
ness of breath was severe enough to limit further exertion.
A single lead electrocardiogram was continuously monitored
during the study, and blood pressure was obtained by cuff
sphygmomanometry every minute. Gated blood pool ac-
quisitions were obtained during peak exercise using the same
method as that at rest; heart rate and blood pressure varied
less than 10% throughout the period of data acquisition.
Echocardiographic evaluations and gated blood pool
scintigraphy were performed within 24 hours of each other.
Data analysis. Echocardiographic measurements of the
posterior wall were used to assess left ventricular systolic
and diastolic wall thickness. Echocardiographic left ven-
tricular volumes and mass were derived using the formulas
of Teichholz (12) and Devereux (13) and their coworkers,
respectively.
Echocardiographic wall stress variables were calculated
as follows (14):
Radius/wall thickness ratio (R/h) = Dd/(2 x hd);
Peak systolic wall stress (WSps) =
(0.334 x BPs x Ddl/(hd x [I + hd/Dd)),
where BPs = systolic blood pressure (mm Hg), hct = di-
astolic posterior ventricular wall thickness (mm) and Oct =
left ventricular internal dimension at end-diastole (mm). The
regression equation
sigmaps = (WS ps x 0.86) - 27 x 103 dynes/cm2,
was applied to convert estimated stress (WS) to actual stress
(sigmaps) (l5).
Radionuclide left ventricular ejection fraction was de-
rived from the time-activity curve of the left ventricle gen-
erated by constructing a region of interest over the chamber
in the end-diastolic frame using a standard semiautomated
software program (QMICA-Technicare). After automatic
background correction, the left ventricular ejection fraction
was calculated by subtracting end-systolic from end-dia-
stolic counts and dividing the difference by the end-diastolic
counts. The radionuclide regurgitant index was derived by
dividing the change in stroke counts from diastole to systole
in the left ventricle by the change in counts in the right
ventricle (16).
Statistical analysis. Patients were classified into two
groups based on the individual change in left ventricular
radionuclide ejection fraction from rest to exercise expressed
in absolute terms*: Group I (n = 7) had a normal response
to exercise (an absolute increase in ejection fraction of 5%
or greater); and Group II (n = 23) had an abnormal exercise
response, manifested as either a change in ejection fraction
less than 5% (Group lla, n = 11) or as a decrease in ejection
fraction greater than 5% (Group llb, n = 12). Quantitative
differences between the three groups were evaluated by one-
way analysis of variance, after which the t test for inde-
pendent variables was applied to differentiate among sig-
nificant responses. Qualitative differences were evaluated
by the chi-square statistic. The hypotheses that two variables
were significantly correlated were tested by least squares
linear regression analysis. Group data are expressed as mean
± standard error of the mean.
*That is, a 5% absolute drop in ejection fraction is a drop of 0.05; for
example, from 0.55 to 0.50.
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Table 1. Echocardiographic and Radionuclide Variables in Patients Grouped by Exercise Response
Normal Response Abnormal Response
Group I Group IIa Group lIb
(n = 7) (n = II) (n = 12) P Value
Age (yr) 48 ± 6 46 ± 6 48 ± 7 NS
Rest EF (%) 52 ±5 44 ± 3 49 ± 3 NS
Exercise EF (%) 61 ± 4 43 ± 4 39 ± 3 <0.01
Dd (mm) 53 ± 3 65 ± 2 64 ± 3 <0.01
D,(mm) 33 ± 2 47 ± 3 46 ± 2 <0.01
hd (mm) 11.3 ± 0.8 10.5 ± 0.5 10.3 ± 0.4 <0.02
R/h 2.5 ± 0.2 3.1 ± 0.2 3.1 ± 0.2 <0.01
Sigmap, 123 ± II 203 ± 21 218 ± 12 <0.01
(10' dynes/cm2)
LV mass (g/m2) 307 ± 29 337 ± 39 405 ± 48 NS
LVDVI (cc/m2) 75 ± 6 122 ± 10 106 ± 10 <0.01
LVSVI (cc/m2) 24 ± 3 58 ± 10 46 ± 4 <0.005
%FS 38 ± 2 31 ± 3 28 ± 2 <0.01
Regurgitant index 3.0 ± 0.8 4.4 ± 0.5 4.5 ± 0.7 NS
p values in last column designate significance of differences observed among the three groups of patients by analysis of variance. Group I patients
had a normal response to exercise (an absolute increase in ejection fraction 2: 5%); Group IIa patients had an abnormal exercise response, manifested
as a change in ejection fraction less than 5%; Group lIb patients had an abnormal exercise response manifested as a decrease in ejection fraction more
than 5%.
Dd = echocardiographic end-diastolic left ventricular dimension; D, = echocardiographic end-systolic left ventricular dimension; EF = ejection
fraction; %FS = percent fractional shortening; hd = diastolic ventricular wall thickness; LV = left ventricular; LVDVI = left ventricular diastolic
volume index; LVSVI = left ventricular systolic volume index; R/h = ventricular radius/wall thickness ratio; Sigmap, = peak systolic wall stress.
Figure 1. Relation of echocardiographic systolic wall stress at rest
to the absolute change in radionuclide ejection fraction from rest
to exercise.
with elevated systolic wall stress (p < 0.001) (Fig. 2).
Accordingly, patients with normal wall stress at rest had a
significant increase in ejection fraction during exercise (49
± 4 to 56 ± 4%, P < 0.01), whereas ejection fraction
decreased significantly in patients with elevated wall stress
at rest (47 ± 3 to 41 ± 3%, P < 0.01).
Left ventricular dimensions versus exercise re-
sponse. Patients in Group I had a smaller left ventricular
end-diastolic dimension (53 ± 3 versus 65 ± 2 mm, p <
0.01) and a smaller end-systolic dimension (33 ± 2 versus
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Results
Echocardiographic, scintigraphic and hemodynamic data
in patients grouped according to their exercise response are
shown in Table I.
Wall stress in Groups I and II. Despite similar values
for left ventricular mass (307 ± 29 versus 378 ± 32 g/m2) ,
patients in Group I had a smaller left ventricular diastolic
volume index (75 ± 6 versus 115 ± 7 cc/m2 , probability
[p] < 0.0 I) but a greater left ventricular diastolic wall thick-
ness (11.3 ± 0.7 versus 10.4 ± 0.3 mm, p < 0.02) than
did patients in Group II; hence, the radius/wall thickness
(R/h) ratio in Group I patients was smaller than in Group
II patients (2.5 ± 0.2 versus 3.1 ± 0.1, P < 0.01). When
chamber size and wall thickness were related to systolic
chamber pressures by calculating systolic wall stress, pa-
tients with a normal exercise response (Group I) had a sig-
nificantly lower calculated peak systolic wall stress than did
patients whose exercise responses were abnormal (Group
II) (123 ± II versus 211 ± 12 X 103 dynes/cm2 , p <
0.01). There were no significant differences observed be-
tween patients who showed no change in ejection fraction
during exercise (Group lIa) and those in whom ejection
fraction decreased (Group lib). Values for calculated peak
systolic stress varied linearly and inversely with changes in
ejection fraction from rest to exercise (r = 0.60, P < 0.001)
(Fig. I).
Ejection fraction during exercise versus wall stress at
rest. An increase in ejection fraction during exercise was
seen in 6 of the 9 patients with normal systolic wall stress
at rest « 150 X 103 dynes/cm2), but in only I of 21 patients
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Discussion
Alterations in loading conditions during exercise. The
factors that determine changes in left ventricular ejection
fraction during exercise are complex, because systolic per-
formance is determined not only by loading conditions but
also by the intrinsic contractile state of the myocardium
(17). Exercise is accompanied by an increase in end-dia-
stolic wall stress (that is, preload) due to enhanced venous
return and an increase in contractility due to activation of
the sympathetic nervous system; both factors can be ex-
pected to improve cardiac performance. In contrast, effort-
related increases in ventricular pressures and volumes serve
to increase systolic wall stress (that is, afterload) and thereby
enhance impedance to left ventricular ejection, even though
systemic vascular resistance decreases during physical ex-
ertion (18),
The effect of exercise on left ventricular ejection fraction
is the net result of the interaction of these three forces. In
patients with left ventricular dysfunction due to intrinsic
depression of myocardial contractility, end-diastolic wall
stress is already markedly elevated, so that systolic per-
formance is not greatly enhanced by an increase in preload
( 19). However, such patients are extremely sensitive to even
a mild increase in afterload (20), and thus, ejection fraction
during exercise decreases because of the unopposed increase
in systolic wall stress. In contrast, in patients with normal
left ventricular contractile function, systolic performance is
greatly enhanced by an increase in preload but is only min-
imally affected by changes in afterload (20); hence, the
unopposed augmentation of preload and contractility serves
to increase cardiac performance during exercise.
Importance of wall stress in determining the exercise
response. Our observations that loading conditions at rest
determine the changes in ejection fraction during exercise
in patients with chronic aortic regurgitation is consistent
with these concepts, Our patients with a normal systolic
wall stress at rest showed an increase in ejection fraction
during exercise, Such patients responded to the chronic vol-
ume overload imposed by the regurgitant state by hypertro-
phy sufficient to preserve left ventricular systolic function
at low levels of ventricular preload, In these patients, the
additional volume and pressure load imposed by exercise
served to increase ejection fraction by enhancing ventricular
end-diastolic wall stress; any associated increases in after-
load were well tolerated because the ventricle had already
undergone appropriate compensatory hypertrophy, In con-
trast, our patients with aortic regurgitation whose systolic
wall stress was greatly elevated showed a decrease in ejec-
tion fraction with exertion, Such patients had failed to de-
velop adequate ventricular hypertrophy in response to chronic
volume overload, Because left ventricular end-diastolic vol-
ume was already elevated in these patients, any further
increase in preload during exercise produced little increase
in ventricular performance, However, the accompanying
increase in ventricular afterload greatly increased impedance
to left ventricular systolic ejection and led to a decrease in
ejection fraction.
Comparison with previous studies. Our finding that
systolic wall stress was a major factor in determining the
response of the left ventricle to exercise in patients with
chronic aortic regurgitation is consistent with the observa-
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Figure 2. Individual changes in radionuclide ejection fraction (EF)
from rest (R) to exercise (EX) in patients grouped according to
values of echocardiographic systolic wall stress at rest Patients
with a normal systolic wall stress « 150 x I0' dynes/em", left
panel) had a significant increase in ejection fraction during ex-
ercise, whereas with few exceptions patients with elevated systolic
wall stress (> 150 x 10' dynes/cm2, right panel) had a significant
decrease in ejection fraction with exertion, Mean values for each
subgroup are designated by the ovals in the margins,
46 ± 2 mm, p < 0,01) than did patients in Group II;
however, individual values for end-diastolic and end-sys-
tolic dimensions did not correlate well with the exercise
response (r = 0.29 and 0,39, respectively, both p '-= not
significant INS]).
Correlation with other variables. Rest values for
radionuclide ejection fraction were similar in Groups I and
II (52 ± 5 versus 47 ± 2%) and did not correlate with the
change in ejection fraction during exercise (r = 0,09, P =
NS). The two groups did not differ in the magnitude of
aortic regurgitation as determined by radionuclide angiog-
raphy (3,0 ± 0.8 versus 4.5 ± 0.4, p = NS) nor did they
differ with respect to age, sex, functional class or the percent
increase in heart rate-blood pressure product from rest to
exercise (156 ± 28 versus 113 ± 13%, P = NS).
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tions of previous studies. When afterload is increased by
angiotensin (21) or by phenylephrine (22), patients with
aortic regurgitation with marked left ventricular dilation show
a qecrease in ejection fraction, whereas ejection fraction
remains unaltered in patients with normal left ventricular
volumes.
Our data are similar to those of Lewis et al. (23), who
correlated echocardiographic estimates of left ventricular
function at rest with those determined by radionuclide meth-
ods during exercise in 45 patients with aortic regurgitation.
In their study, as in ours, patients who increased their ejec-
tion fraction during exercise had a greater wall thick-
ness/radius ratio than did patients whose left ventricular
systolic function deteriorated with effort. However, in their
study in contrast to ours, left ventricular dimensions at end-
diastole and end-systole did not differ in patients grouped
according to their exercise response. The authors concluded
that echocardiographic variables at rest had a variable re-
lation to exercise performance in patients with chronic aortic
regurgitation; however, the role of wall stress in determining
the response to exercise was not considered.
CU..ical implications. The relation between systolic wall
s~ress and exercise response has important clinical impli-
cations for the patient with chronic aortic regurgitation
undergoing aortic valve replacement. Borer et al. (9) noted
that those patients with aortic regurgitation whose left ven-
tricular ejection fraction before surgery decreased to less
than 40% with exercise had evidence of persistent left ven-
tricular dysfunction after aortic valve replacement. Gaasch
et al. (24) observed that patients with aortic regurgitation
who had an elevated radius/wall thickness ratio preopera-
tivelyhad persistent left ventricular dilation and decreased
fractional shortening postoperatively. The results of these
two clinical studies are consistent with our concept that
elevated wall stress and an abnormal exercise response are
related pathophysiologically, and that both variables identify
a similar group of patients with chronic aortic regurgitation
at high risk for persistent left ventricular dysfunction after
valve replacement surgery.
Osbakken et al. (25) observed that symptomatic patients
with aortic regurgitation demonstrated a greater peak and
end-systolic wall stress than did asymptomatic patients.
However, exercise-induced changes in left ventricular ejec-
tion fraction were not measured. In contrast, Borer et al.
(3) observed that symptomatic patients with aortic regur-
gitation generally had a decrease in left ventricular ejection
fraction during exercise, whereas many asymptomatic pa-
tients had a normal increase in ejection fraction with effort;
however, echocardiographic wall stress in these patients was
not measured. Our results indicate that the presence of ele-
vated systolic wall stress at rest and a decrease in ejection
fraction during exercise identifies a similar group of patients
with aortic regurgitation, whether they are symptomatic or
not. Therefore, our data provide the essential link between
the data of Osbakken et al. and Borer et al.
Variables other than exercise response and wall stress
have been proposed to identify patients with asymptomatic
aortic regurgitation who are likely to develop symptoms in
the future or manifest persistent left ventricular performance
after aortic valve replacement. Henry et al. (4) suggested
that asymptomatic patients with aortic regurgitation with a
left ventricular end-systolic dimension greater than 55 mm
were at high risk of developing symptoms during a 34 month
mean follow-up period. Borow et al. (26) noted that symp-
tomatic patients with aortic regurgitation and a markedly
elevated end-systolic volume were most likely to die during
aortic valve replacement or to demonstrate persistent left
ventricular dysfunction after operation. Because end-sys-
tolic volume is dependent on both the contractile state of
the myocardium and the loading conditions at end-systole,
it is not clear whether these findings are a consequence of
enhanced wall stress or of a depressed intrinsic inotropic
state of the left ventricle. In our study, patients with aortic
regurgitation with enhanced systolic wall stress generally
had an increased end-systolic dimension. This finding sug-
gests that enhanced loading conditions may be, in part,
responsible for the findings of Henry et al. (4) and Borow
et al. (26). However, this finding does not rule out an im-
portant role of myocardial contractility in determining the
results of aortic valve replacement in patients with aortic
regurgitation. Indeed, the importance of the contractile state
has recently been emphasized in predicting the outcome of
aortic valve replacement in patients with aortic stenosis (10).
Limitations of the present study. The ability of M-
mode echocardiography to determine wall stress may be
subject to considerable observer error. Sequential studies
may be greatly affected by small variations in both trans-
ducer angulation and patient position (27). In addition, al-
terations in left ventricular geometry may occur in patients
with chronic aortic regurgitation that may not be recognized
by echocardiography performed in a single plane (28,29).
Nevertheless, the formulas we used for the determination
of wall stress have been specifically validated in patients
with aortic regurgitation, and the interobserver variation
observed in the present study was small (14,30).
Only 12 of the 30 patients in our study had cardiac cath-
eterization to rule out the presence of associated aortic or
mitral valve disease or significant coronary artery obstruc-
tion. The presence of significant aortic stenosis or mitral
regurgitation invalidates the equations used to calculate sys-
tolic wall stress (12). Furthermore, significant coronary ar-
tery disease may lead to a decrease in ejection fraction
during exercise independent of changes in loading condi-
tions (31). However, we found no evidence of associated
valvular or coronary artery disease in any of our patients
by any of the noninvasive methods we employed.
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Conclusions. Our data indicate that a close relation ex-
ists between the exercise response and loading conditions
during systole in patients with aortic regurgitation. The re-
lation is independent of ventricular function at rest and clin-
ical symptoms. This is consistent with established physio-
logic changes in preload and afterload during physical exertion,
as well as with concepts concerning the determinants of
ventricular function in patients with chronic volume over-
load states. Patients with aortic regurgitation who have an
elevated radius/wall thickness ratio and increased end-dia-
stolic and end-systolic volumes and who experience a de-
crease in ejection fraction during exercise have been re-
garded at high risk during and after valve replacement surgery
in individual studies. Our data indicate that a close con-
cordance exists between these rest and exercise variables of
ventricular performance, so that determination of any or all
of these factors identifies a similar group of patients with
aortic regurgitation who may be at high risk of morbidity
and mortality after aortic valve replacement.
We express our gratitude to Valentin Fuster. MD for reviewing the manu-
script: Maureen Baker. Maureen Glenn and Ken Miceli for their expert
technical assistance and Irma Rosenblatt for secretarial assistance.
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